We report systematic investigations of the mutual passivation effects of Si hydrogenic donors and isovalent nitrogen in dilute InGaAs 1-x N x alloys. Upon thermal annealing at temperatures above ~ 650 o C, the Si atoms diffuse assisted by the formation and migration of Ga vacancies. When they find nitrogen atoms, they form stable Si Ga -N As nearest-neighbor pairs. As a result of the pair formation, the electrical activity of Si Ga donors is passivated. At the same time, the effect of an equal number of N As atoms is also 
I. Introduction
It has been discovered recently that the electronic properties of some compound semiconductor alloys are greatly affected by the substitution of a small fraction of metallic (electronegative) anions with electronegative (metallic) isovalent atoms. Group III-V-N materials in which the highly electronegative N atoms partially substitute more metallic anions in standard III-V compounds is the most representative and extensively studied class of such highly mismatched alloys (HMAs) [1] . In close analogy, partial substitution of group VI anions by electronegative O in II-VI compounds leads to the formation of group II-VI-O HMAs [2] . It has been shown that in both cases the incorporation of the highly electronegative anions modifies the electronic structure of the conduction band through an anticrossing interaction between the localized acceptor-like states of the electronegative atoms and the extended conduction band states of the semiconductor matrix [1, 2] . On the other hand, a partial substitution of electronegative anions with more metallic isovalent atoms leads to a modification of the valence band structure through the aticrossing interaction between the localized donor like-states of the metallic atoms and the extended states of the valence band of the semiconductor matrix.
The valence band anticrossing effects were recently observed in Se-and S-rich ZnSe 1- x Te x and ZnS 1-x Te x alloys [3, 4] .
It has been shown that the modification of the electronic structure has a dramatic effect on the electrical activity of the donor dopants in InGaAsN. An enhancement of more than an order of magnitude in the maximum achievable free electron concentration has been demonstrated in GaAs 1-x N x thin films doped with group VI donors (Se and S) [5, 6] . However, doping the material with group IV donors (Si) results in highly resistive GaAs 1-x N x [7] . The failure to activate the Si donors in GaAsN alloys has been explained by the mutual passivation of Si shallow donors and isovalent N impurities [8] . While high electron concentration is achieved in Si doped InGaAsN grown by molecular beam epitaxy at relatively low temperature (~400ºC), during high temperature annealing, the Si donor diffuses on the Ga sublattice until it forms a nearest-neighbor pair with a N As atom.
The formation of the Si-N pair deactivates the electrical activities of both species. As a result the free electron concentration decreases rapidly with high temperature annealing accompanied by an increase in the fundamental bandgap. In contrast group VI donors such as Se or S do not show such mutual passivation effect in GaAs 1-x N x because they share the same anion sublattice with N, and therefore cannot form nearest-neighbor pairs with N. Polimeni et al. have shown that the introduction of hydrogen into GaAs 1-x N x thin films and quantum wells leads to the formation of N-H bonds that results in the passivation of N [9] . Subsequent thermal annealing up to 550ºC dissociates the N-H bond, completely restoring the bandgaps of the nitride layers to their values prior to hydrogenation. The effects of hydrogenation in this material are very similar to the wellknown H passivation of electrically active dopants in semiconductors [10] . On the other hand, the formation of Si-N bonds in the GaAs 1-x N x : Si system results in the mutual passivation of the Si atoms as shallow donors and the N atoms as isovalent impurities.
These mutual passivation effects are thermally stable up to 950 o C.
In this paper we present systematic studies of the mutual passivation effect in Si- 
II. Experimental
In y Ga 1-y As 1-x N x layers with thickness of ~0.5µm were grown by molecular beam epitaxy (MBE) on semi-insulating GaAs substrates at substrate temperature of ~450°C.
Indium was introduced to compensate the N-induced lattice contraction, improving the crystal quality by making it lattice-matched to the GaAs substrate. Si dopants were introduced during the growth. The epitaxially grown samples were rapid thermally annealed (RTA) in a flowing N 2 ambient in the temperature range of 550-950°C for 10-120 s with the sample surface protected by a blank GaAs wafer. The resistivity, free 4 electron concentration and mobility were measured by Hall Effect experiments in the Van de Pauw geometry.
The bandgaps of the films were measured by photomodulated reflectance (PR) spectroscopy at room temperature using a chopped HeCd laser beam (wavelength 442nm) for modulation. The photoluminescence (PL) signals were generated in the backscattering geometry by excitation with the 515 nm line of an argon laser. The signals were then dispersed by a SPEX 1680B monochromator and detected by a liquid-nitrogen cooled Ge photodiode. Figure 1 shows the results of resistivity measurements of a series of Si-doped Ref. [8] , such a decrease of electron concentration in GaAs is the result of thermal annealing that drives the system to an equilibrium state with the saturated electron concentration of ~10 19 cm -3 [11] .
III. Mutual Passivation a) Experimental Results
In stark contrast to the behavior of the GaAs:Si thin film, the resistivity of both In In y Ga 1-y As 1-x N x crystals grown at relatively low temperatures (~400ºC) by MBE, Si and N atoms are randomly distributed on Ga sublattice sites ( a small fraction of Si are also expected to occupy As sites). The diffusion activation energy for Si in highly n-type doped GaAs is ~ 2.5 eV [12] , which is much lower than the activation energy for N diffusion in GaAs (~ 3.6 eV [13] ). Therefore we can neglect the diffusion of N in the RTA temperature range used in this study. Upon RTA, sufficiently high thermal energy is supplied for Si atoms to diffuse in the crystal to reach lower energy positions. Since N is much more electronegative than As [14] , the Si-N bond is expected to be much stronger than the Si-As bond [15] . Therefore, anyone of the four nearest-neighboring Ga sites of the N As atoms becomes an effective trap for the diffusing Si atoms. As a result of the Si Ga -N As pair formation, the fourth valence electron of the Si atom is locally bound to the N atom as opposed to be donated to the conduction band. Consequently the electrical activity of Si as hydrogenic donor in InGaAsN is passivated. This explanation is further supported by the fact that group VI-doped (In)GaAs 1-x N x alloys do not show such donor passivation behavior upon RTA [8] . As is shown in Fig.1 , only a small decrease of electron concentration is observed in the Se-doped In y Ga 1-y As 1-x N x thin film after annealing at 950ºC, similar to the behavior of the GaAs:Si sample. The reason for this different behavior is that group VI atoms act as shallow donors only when they reside on the As sublattice (group V) sites. Therefore they cannot form nearest neighbor pair bonds with N As atoms. Fig.2 are the PR spectra of three samples after different annealing cycles. The bandgap has been determined from fitting the spectra with the standard thirdderivative functional form [16] . The inset shows the bandgap as a function of the annealing temperature, along with the active nitrogen mole fraction calculated from the bandgap using the BAC model (Eq. (11) Two peaks are clearly observed in the spectra. The higher energy PL peak (peak H) at 1.1 eV corresponds to the band-to-band transitions. With reduced electron concentration, this peak gradually disappears, possibly due to increasing concentration of unknown nonradiative recombination defects generated by the high temperature annealing.
Shown in
A deep-level related broad peak (peak L) is observed at an energy of about 0. ) and As vacancies (V As ). In our case only the Si atoms on the Ga sublattice contribute to the mutual passivation, therefore we consider the first two mechanisms in the model. The diffusion coefficient of Si on the Ga sub-lattice in GaAs is the combination of the Fermi-level independent term (mainly via V Ga 0 ) and the Fermi-level
where 
where
is a constant depending on the free carrier effective masses and the linear temperature coefficient of the direct bandgap ( γ ), but nearly independent of temperature.
' g E is an "effective bandgap" that takes into account the contributions of the electron density of states near the X and L points as well as the Γ point in the band structure [19] . The diffusion coefficient can be rewritten as
is the V Ga 3-mediated diffusion coefficient at time t = 0; and
is the ratio of the V Ga 0 mediated and the V Ga 3-mediated diffusion coefficients.
For random walk on a face-centered-cubic sub-lattice, our Monte Carlo simulation has shown that the total number of As sub-lattice sites that is nearest neighboring a Ga site that the "walker" has visited is directly proportional to the diffusion 8 time multiplied by the diffusion coefficient. This number ( L ) is also proportional to the diffusion length to the power of 2.
We assume ( ) t T D , is a slowly varying function that can be treated as a constant within a short period of time dt. According to the mutual passivation mechanism, the reduction rate of Si Ga (hence of the free electron concentration n) is proportional to the total number of active nitrogen atoms residing in the diffusion volume,
In this equation a is the distance between nearest neighbors on the Ga sub-lattice, and x is the mole fraction of active N atoms. Since [N] is much larger than [Si] in our InGaAs 1-
x N x : Si samples, we neglect the passivation of N caused by the Si-N pair formation, and replace x in Eq. (6) by the initial N fraction (x 0 ). Equations (4) and (6) lead to the differential equation
where β is a constant that is proportional to the Si passivation rate. The solution is
i.e.,
is linear in t, where the slope is determined by the V Ga 0 -mediated Si diffusion.
At long times t, Eq.(8) can be simplified
approaches a similar linear dependence on t, with the reduction rate of ( ) t n also dominated by the Si diffusion through V Ga 0 .
c) Comparison between theory and experiments
As shown in the preceding chapter, the V Ga The various parameters used in our calculations are summarized in Table 1 . We note that as is shown in Table ( 
IV. Electronic transport properties
The results shown in Fig. 4 indicate that mutual passivation can be used to precisely control the electron concentration over a wide range. This provides an interesting opportunity to study the concentration dependence of the electron mobility in material with the same composition. It has been widely recognized that the incorporation of small amounts of nitrogen into GaAs leads to a drastic reduction of the electron mobility. The typical mobility of GaAs 1-x N x films ranges from ~10 to a few hundred cm 2 /Vs [22, 23] , which is over an order of magnitude smaller than the electron mobility in
GaAs at comparable doping levels [19] . Figure 7 shows the change in room-temperature mobility of In 0.07 Ga 0.93 As 0.983 N 0.017 :Si when the electron concentration is reduced by rapid thermal annealing due to Si Ga -N As formation. The mobility shows a non-monotonic dependence on the electron concentration with a maximum at n ~ 5×10 18 cm -3 .
It is now well established that the electronic structure of the conduction band of 12 diluted (In)GaAs 1-x N x alloys is described by the band anticrossing (BAC) model [1, 24] .
In the BAC model, the conduction band is restructured as a result of an anticrossing interaction between the highly localized states of the isovalent N atoms and the extended states of the host semiconductor (In)GaAs. The newly formed two subbands, named E + and E -, have non-parabolic dispersion relations given by [1] ( 
evaluated at E L ) [27] . The broadening defines a finite lifetime for
through the uncertainty principle, which imposes a limit to the mobility of free electrons that conduct current in the lowest conduction band:
In this equation, the electron effective mass at the Fermi surface ( ( ) 
The room-temperature mobility (µ 1 ) calculated from Eq. (13) [22] , the mobility shows a thermally activated behavior at relatively high temperatures (>50K) and becomes only weakly temperature dependent at low temperatures. The mobility activation energy is about 7 meV in the high temperature regime, which is comparable to the activation energy of samples with n between 0.9×10 17 cm -3 and 1.5×10 17 cm -3 in Ref. [22] . The activated character of the mobility is usually interpreted as a signature of the random field scattering that can be effectively suppressed as free electrons are thermally activated out of the potential at high temperatures [22] .
It should be noted that the band anticrossing model has been successfully used to describe electronic properties of a broad class of semiconductor materials, the highly mismatched alloys. 
VI. Conclusions
We have studied the mutual passivation phenomenon observed in highly 
